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ABSTRACT

Finite Element Modeling of Energy
Absorbing Materials in Blast
Loaded Structures
by
Michael Jason Mullin
Dr. Brendan J. O ’Toole, Examination Committee Chair
Associate Professor o f Mechanical Engineering
University Nevada, Las Vegas

Energy absorbing materials such as foam or honeycomb are o f interest in blast
proteetion because o f their ability to absorb energy through plastie deformation. They
absorb a considerable amount o f energy relative to their low density, and are investigated
to determine if their energy absorbing abilities ean be used to mitigate blast damage.
Ballistic pendulum experiments show that energy absorbing materials increase the energy
transferred from a blast. This behavior was contrary to expected results so eomputational
models were created in LS-DYNA to understand the phenomenon that causes an increase
in transferred energy. Many models using ConWep and Arbitrary-Lagrangian-Eulerian
(ALE) techniques were created to test the loading methods available in LS-DYNA.
Additional ConWep models were created to directly compare simulations against ballistic
pendulum experiments. The ConWep model results correlate with the experiments,
showing that energy absorbing materials cause an inerease in energy transferred to the
system.
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CHAPTER 1

INTRODUCTION
As the military industry moves forward into the 21®‘ century, strong lightweight
materials are changing their status from exotic to commonplace. Vehicles are being
reevaluated to create safer, more efficient, and more lethal vehicles with significant
weight savings. Survivability from mine blast is o f particular concern: as weight is
reduced, the accelerations o f the vehicle when subjected to mine blast increases. A
sacrificial layer o f material that can absorb some or all o f the blast energy is one
possibility for light vehicle survivability. Metal foams and honeycombs are materials that
absorb a considerable amount o f energy relative to their low density.

1.1 Blast Phenomena
After detonation o f a high explosive (HE) material, a high-pressure shock front
expands outward from the detonation point. Standoff, which is the distance between the
point o f concern and the center o f detonation, plays a significant role in the magnitude o f
pressure felt from an explosion. The pressure-time history for a given standoff can be
characterized by a few key features (Figure 1): the peak overpressure (pip) is reached
almost instantly upon arrival o f the blast wave (at time = ta), which then decays to a
negative overpressure phase (at time = ta + td (time duration)) o f much smaller magnitude.
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The negative phase portion o f this curve is commonly left out o f design and analysis. The
impulse from the blast can be calculated as the area under the pressure vs. time eurve.

Overpressure

/

pip

im pulse = Area Under Curve

Negative Phase
A m bient
Pressure

-----------ta

Time (t)

ta + td

Figure 1: Typical overpressure vs. time graph

Overpressure, also known as incident pressure, is the pressure felt on a surface that
lies in a plane parallel to the blast wave expansion. In other words, it is the pressure felt
when the blast wave “passes by”. Reflected pressure, which is greater than overpressure,
occurs when the shock front reflects off o f a surface. The reflected pressure is a function
o f the overpressure and the angle between the plane o f the shock front and the reflecting
surface.
Explosions o f different mass amounts and standoff distances can be approximated
using cube root (also known as “Z ”) scaling (equation 1) [1]. This allows scaling down of
big explosions so that they may be handled safely within the limitations o f a laboratory.
Using the Z-scale equation (1), the pressure from 1 kg of TNT (W i) at 1 meter (Ri) is
equivalent to 1000 kg (W 2 ) at 1000 meters (R 2 ). Any units for distance and weight ean be
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used so long as the units are consistent when comparing ratios. The smallest Z-seale
possible for TNT is 0.0525 (m/kg*^^), which lies on the surface o f the charge. Although
this ratio is possible, the Z-scale relationship for overpressure breaks down near this
point, and it is recommended to use higher values whenever possible. In addition to Zscaling, explosions from different types o f high explosive materials can be related by
their equivalent mass o f TNT. The quantity o f mass o f different HE types can be scaled
to produce the same peak pressure, impulse, or release o f energy as TNT. The conversion
factors to convert different types o f HE ean be found in any explosives textbook [2].

R,
Z = ------^

R,

^

(1)

1

1

(w,)’

(w,)’

Where,
Z = Z-scale ratio

Rn = standoff distance

Wn = weight

When a blast wave “gets trapped” in a concave shape, this is known as confinement.
Confinement causes secondary loading when the reflected blast front hits a different area
o f the concave surface. Shadowing comes into play when a surface subjected to blast
loading is not in a direct line o f sight from the source o f the explosive. In the physical
world, the primary loading would be reduced with the blast front being blocked by an
object. These loading scenarios are important to consider when modeling because not all
analysis methods are capable o f accounting for every different type o f blast effect.
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1.2

Ballistic Pendulum Experiments

A simple device to measure the energy transmitted to a structure from a blast is a
ballistic pendulum (Figure 2). With a charge detonated in front o f the pendulum, the face
is subjected to a pressure wave, which causes the pendulum to rotate a measurable
amount. Knowing the rotation o f the center o f mass (CM in Figure 2) and the distance
from the rotation center, the transferred energy (equal to the potential energy) from the
blast can be calculated. Panels o f various shapes and materials can be placed on the face
o f the pendulum to investigate their abilities to reduce the transferred energy.

BWIIWc PenduIwm

RlgWBat^Wadal
' Cantvr Of ■
Ratedaa

ffigUBady

F o a n M odel

Test PeeW

IMPoanf

m#8ady
Sepiioit

RotMlBn

V a le t#

SIDE VIEW

w m m ym

Figure 2: Ballistic pendulum and representative models.

Hanssen et al. [2] performed ballistic pendulum tests on aluminum (Al) foam panels
as early as 1998. Hanssen showed an increase in imparted impulse to Al foam panels
subjected to close range blast. This increase was attributed to collapse o f the foam under
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the blast (dishing), which allowed confinement o f the blast. Deformation o f the foam
panels took on a double parabolic shape (as viewed from the side o f the panels). Hanssen
used numerical models to show that although an increase in impulse was observed, the
transmitted force through the Al foam panels was decreased.
Skaggs [4] performed ballistic pendulum experiments on different shapes and
materials at a smaller Z-scale value (more powerful) than Hanssen. The shapes tested
were all wedges pointed at the blast with angles o f inclination ranging from 0° to 22.5°.
Additionally, many low-density energy absorbing materials were tested, with and without
a face sheet. Trends showed, as the angle o f the wedge increased (became more pointed),
the energy transferred to the pendulum decreased. This trend was attributed to more o f
the blast energy being deflected to the sides o f the pendulum as the angle increased.
There were no distinct trends seen in the energy absorbing material experiments other
than an increase in energy transferred for every test with material on front. Every material
panel tested was completely destroyed, even with a steel face sheet added (the face sheet
was dented not destroyed). A distinct difference was in the treatment o f standoff. Skaggs
placed the HE in the same place for each test regardless o f the reduction in standoff
caused by the addition o f a material panel. In a later set o f experiments, the same standoff
was used between baseline and Al foam panel, and still showed an increase in transferred
energy.
In these ballistic pendulum experiments, aluminum foam panels were placed on the
face o f a ballistic pendulum. With the material absorbing some o f the energy, the
resulting rotation o f the structure was expected to be reduced. The ballistic pendulum
experiments showed opposite results; energy absorbing materials placed on the front o f
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the pendulum caused an increase in rotation. Numerical models were created to help
understand the phenomenon involved, and are presented in this paper.

1.3 Blast Loading in LS-DYNA
Before creating numerical representations o f the experiments an appropriate loading
scheme needed to be researched and implemented correctly. Two loading methods were
explored in LS-DYNA [5]: one using the ConWep air blast function and the other
involving Arbitrary Lagrangian-Eulerian (ALE) eoupling. These two methods are very
different in nature, and therefore must be evaluated to discover which method is more
appropriate.
In order to reduce the computational expense o f modeling the maximum displacement
o f a pendulum (with a period o f over 2.5 seconds) with a time step appropriate for
capturing ballistic phenomena ( < 10'^ seconds), simpler models were devised (Figure 2).
These simpler models consist o f a sled o f known mass subjected to the same blast load
the pendulum eounterpart would be exposed to. Instead o f the eenter o f mass rotating
about a pivot point (the behavior o f a pendulum), the sled is only allowed to translate
away from the blast. The sled has the same area exposed to the blast as the pendulum bob
as well as the same mass*. When the sled is subjeeted to the impulse o f the blast, it will
undergo aeceleration until the sled reaches a maximum velocity (upon completion o f the
impulse). The resulting kinetic energy, which is calculated using the maximum veloeity

* The mass o f the sled in the Norwegian University o f Scienee and Technology ballistic
pendulum model is the same as the mass o f the pendulum in the experiment. The mass o f
all sleds in the parametric study is 4 kg.

6
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o f the sled, is compared to the potential energy calculated from the maximum height o f
the pendulum swing. The acceleration o f the sled is the slope o f the velocity vs. time
eurve.
LS-DYNA requires that a consistent set o f units be used for length, time, mass, and
any property or variable that is a combination o f these base units, such as force, pressure.
Young’s Modulus, etc. Centimeters, grams, microseconds is a unit set commonly used
when modeling ballistic loading, and is implemented in all o f the models presented in this
paper.
1.3.1

ConWep Air Blast Function

ConWep air blast function has inputs o f TNT equivalent mass, type o f blast (surface
or air), location in space o f detonation, and surface identification to which the pressure
will be applied. From this information, ConWep calculates the appropriate pressure to be
applied to the designated surface. This method is computationally less expensive than the
ALE method at the cost o f accuracy in some cases: ConWep is unable to account for
confinement or shadowing.
Many subroutines are implemented in the ConWep air blast algorithm [6]. First, the
angle o f incidence and distance between the surface segment and detonation point are
calculated. The angle o f incidence is the angle between the surface normal and the vector
from the mid-surface node to the point o f detonation (illustrated in Figure 3). With the
given inputs and aforementioned calculation, the time of arrival

(ta),

time duration

(td),

peak incident and reflect pressures (pip and prp), and incident and reflected pressure
decay coefficients (a and b) can be determined. Friedlander’s equation (2) and (3) uses
those values to find the incident and reflected pressure as a function o f time; the
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equations used in this process are listed below. Figure 3 shows general behavior o f how
the angle o f incidence affects the pressure load, the values listed are for illustration
purposes only.

—a-t

- bt

f
IncidentP(t) = pip- 1 — —

e

(2D

ReflectedP(tD = prp-

(3D

PressuieLoad(0) = ReflectedP (co s(9 ))^ + Incidentp [ l + (co s(9 ))^ - 2 co s(e )J

(4)

Where,
t = modeltime - ta

t&= time o f arrival

pip ==peak incident pressure

td = time duration

prp = peak reflected pressure

a = incident pressure decay coefficient

b = reflected pressure decay coefficient

0 = angle o f incidence

e

increases

►
Blast Surface

RsflectedPiessaie

Surface
■Normals

9=0

IncidentPressuie
0

20

40

60

80
90

HE

Figure 3: The effect o f angle o f incidence (0) on pressure load; values for pressure are for
illustrative purposes only.
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Limitations o f the ConWep air blast function include the inability to model
confinement and shadowing. ConWep only models the primary loading; so secondary
loading (fi'om confinement) is not considered. Additionally, the ConWep model will load
a surface the same, with or without an object in the way, making it unable to account for
shadowing. Another configuration that affects the pressure felt from a blast is whether the
detonation occurs on a surface or in the air. An explosion on the surface will impart more
energy to a nearby object than would an air blast because the ground reflects the energy
that would normally travel in the opposite direction. ConWep takes this fact into account
by including in its input card the option o f surface or air blast. The explosion is simulated
as a point source detonation. Precaution must be taken not to place the point source next
to a surface within the radius o f the represented charge. Small Z-scale ratios can not be
accurately modeled.
Randers-Pehrson [6] implemented empirical blast models (ConWep) into the
DYNA3D explicit finite element code (DYNA3D is public domain software, and the
origin of LS-DYNA). They compared the results o f computational models against
experiment results and obtained good agreement; they concluded the function was
adequate for use in mine blast simulations. Randers-Pehrson also noted ConW ep's
inability to account for shadowing or confinement effects.
1.3.2

Arbitrary Lagrangian Eulerian Techniques

Using ALE techniques in LS-DYNA involves modeling the HE charge and
surrounding fluid in an Eulerian mesh, which is then coupled with a Lagrangian mesh
(used for the structure). The ALE method models the explosion and resulting pressure
profile throughout the Eulerian mesh. The fluid-structure interaction is based on penalty-
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contact methodology: the Eulerian elements (master) are coupled with quadrature points
on the face o f the Lagrangian (slave) elements.
The number o f quadrature points is designated by the variable NQUAD on the
^CONSTRAINED LAGRANGE IN SOLID card. To avoid fluid penetration o f the
Lagrangian elements, two or three quadrature points should match with one Eulerian
element. For example, if the element types are equal-sized, NQUAD = 2 or 3 would be
appropriate. Likewise, if the Eulerian element is half the size o f the Lagrangian element,
NQUAD = 4 should suffice. The actual number is problem specific and should take into
account relative velocity between the element types, the problem geometry, and the
computational limitations of the computer. Adding one extra quadrature point can
increase computational costs significantly.
The ideal size o f the Eulerian elements should be small enough to capture the peak
pressure o f the explosion. The pressure o f the Eulerian element is an average o f the
volume (distance) that it spans, so as the elements get smaller, the resolution o f the peak
pressure becomes more accurate. Unfortunately computational limitations do not always
allow for such resolution. Although peak pressure is not always captured, because the
“peak portion” o f the pressure-time curve is small with respect to the rest o f the curve,
the area under the curve still provides a close representation o f the blast’s impulse.
Equations o f State (EOS) are used for the High Explosives (HE) and surrounding air.
EOS come in many forms and are generally phenomenological (curve fitted). The EOS
uses material properties (i.e. density and internal energy) to calculate the element
pressure. ALE allows for multiple materials in a single Eulerian element. When multiple
materials are present in an Eulerian element, pressure averaging is implemented.

10
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ALE is computationally more expensive, and is only appropriate for small standoff
distances: even using eighth symmetry conditions, large amounts o f elements are needed.
If a model termination time exceeds the time necessary to transfer the energy from the
blast to the structure, computational expense can be decreased by taking the fluid and HE
out o f the model. Although more costly, if the problem is outside o f ConW ep’s
capabilities (i.e., confinement or shadowing), ALE techniques may be the best
alternative.

1.4

Energy Absorbing Materials

Foams being an example o f an energy absorbing material have three distinct regions
o f the stress strain curve. Initially foams behave elastically up to a given yield point from
which the foam begins collapsing under constant stress. The foam will continue to
collapse under constant stress until a strain is reached at which the material is completely
collapsed (known as the densification strain). After reaching a densification strain, the
stress strain curve follows an elastic-plastic curve typical o f its constituent material. In a
finite element code, an Elastic-Perfectly-Plastic-Rigid (EPPR) behavior is commonly
used to model such a material.
A literature search was conducted for energy absorbing materials subjected to impact
and blast loading. This field is becoming increasingly popular, so papers dated this year
were found. Many attempts were made to decrease the impulse transfer from blasts by
means o f energy absorbing materials, some successful, most not. Hutchinson [7] reported
improved protection with sandwich structures over a solid plate using the same total
mass. His investigation focused on water originated blasts on ship hulls. In his lecture.

11
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Hutchinson ruled out using foams in this application because o f lack o f strength; metal
honeycomb (out o f plane direction facing blast) and corrugated (folded) structures
performed better. Although the back plate displacement was decreased with the use o f a
sandwich structure, Hutchinson noted that analysis was made with planar loading, and
that more localized blasts would make the structure more susceptible to shear failures.
Hanssen [2] showed an increase in imparted impulse to Al foam panels in a series o f
blast-loaded pendulum tests. This increase was attributed to collapse o f the foam under
the blast (dishing), which allowed confinement o f the blast. Although an increase in
impulse was observed, the transmitted force through the Al foam panels was decreased.
In another paper from Hanssen [8], validation o f aluminum foam constituent models
available in LS-DYNA was performed. Many types o f mechanical tests were performed
and compared to numerical models. None o f the constitutive models captured the
behavior o f all the mechanical tests. Hanssen related the shortfalls to the lack o f a fracture
failure mechanism available in the models. All LS-DYNA material models tested
exhibited excellent correlation to quasi-static compression experiments for Al foams of
density up to 0.34 gm/cc. Dynamic compression numerical models were not included in
this work.
Deshpande [9] performed split Hopkinson pressure bar and direct impact experiments
on open and closed cell aluminum foams. Strain rates ranged from quasi static up to
5000 s '\ Data from the experiments showed the plateau stress o f the foams to be
insensitive to strain rates. Deformation behavior varied between the open and closed cell
foams, but it was ruled that there was no change in the collapse mechanism between the
static and dynamic tests. Open cell foam exhibited uniform deformation where as the

12
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closed cell foam occurred in localized bands. The maximum velocity o f any o f the tests
was less than 50 m/s, meaning that shock wave effects were negligible.
Lopatnikov, et al [10] performed Taylor cylinder-Hopkinson bar impact experiments
with Al foam cylinders. These experiments involved firing Al foam cylinders from a gas
gun (26 - 200 m/s) into a single pressure bar (used in the same manner as the output bar
o f a split Hopkinson pressure bar experiment). Analytical and numerical models were
created to support and understand the experiments. *MAT HONE Y COMB was used in
the numerical models, and was noted as good for modeling energy absorption. From the
numerical models it was discovered that the aluminum skin present on the top and bottom
o f each cylinder created high frequency oscillations in their stress data. It was
recommended the skin be removed in future tests to avoid the increased complication in
the data analysis. Differences between experiments and numerical models became more
noticeable as the impact speed increased (and resulting increase o f specimen
compaction). The difference was attributed to the uniform porosity in the numerical
material model, not found in the Al foam samples. As more o f each sample was crushed,
the non-uniform porosity caused more non-uniform deformation o f the samples.
The ConWep air blast loading function was used by Sriram [11] to predict failure
modes in Al foam sandwich structures. Peak applied pressures from ConWep were found
to

match

values

predicted

from

analytical

equations.

*MAT MODIFIED

HONEYCOMB was used for the material model although no explanation was provided
why the modified version was chosen over the original. Sriram used CYMAT vendor
data for the material properties o f the Al foam.

13
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CYMAT [12] is a company focusing exclusively on commercializing Stabilized
Aluminum Foam (SAF). Their product range includes foam sheets, castings, and filled
structures. Small insoluble particles are added to the Al melt to create the cellular
material. Material properties (i.e. density, yield strength, etc.) are in the typical range for
Al foam. Blast relevant behavior listed on the website includes strength independent of
strain rate and ineffectiveness o f mitigating blast damage without a face cover.
Additionally, CYMAT includes example problems involving energy absorption for blast
and impact events. In the blast example, impulse from a blast is used to determine the
velocity o f a face sheet. The appropriate thickness o f Al foam can be calculated knowing
the mass and velocity o f the face sheet and the strength o f the structure the panel is being
design to protect. CYMAT acknowledges the complexity o f ballistic loading and affirms
the need to perform numerical simulations for true design requirements.
LS-DYNA material models were assessed, reviewing the entire list o f material
models available in the LS-DYNA 970 manual [5] (Appendix 1). Notes were taken for all
material models that may be useful to model energy absorbing materials such as foam or
honeycomb.

From

the

literature

search

and

constitutive

model

assessment,

*MAT HONEY COMB (or material 26) is the model o f choice. Material 26 offers
uncoupled orthotropic behavior as seen in foams. Nonlinear elastoplastic material
behavior can be defined separately (for each direction) for all normal and shear stresses.
These curves can be used to define elastic-perfectly-plastic-rigid material behavior as
seen in the majority o f papers modeling foams subjected to high strain rates [2],[9],[10].
After densification, the material model uses the provided constitutive material properties
and behaves as an isotropic elastic-perfectly-plastic material.

14
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1.5 Objective
The objective o f this thesis is to accurately simulate ballistic pendulum experiments
o f energy absorbing materials. In order to accomplish this objective, two loading methods
are explored in LS-DYNA. Many parametric models are simulated to see how the two
methods compare. The better-suited method is then applied to models made to directly
compare against ballistic pendulum experiments.

1.6 Thesis Outline
Chapter 2 compares two blast loading methods available in LS-DYNA: one using a
Lagrangian model and the ConWep air blast function and the other using Arbitrary
Lagrangian-Eulerian (ALE) coupling including the explosive material as part o f the
model. Although the ConWep and ALE models use the same standoff, equivalent charge
mass and material properties, they are not representative o f any physical experiment.
In Chapter 3, ConWep models, separate from those found in Chapter 2, are compared
against experimental values for simulating ballistic pendulums and blast loading o f Al
foam panels. These models are representative o f experiments performed by Skaggs [4]
and Hanssen [2]. A comprehensive description o f the experiments, models, and results
are described in detail in this chapter.
Chapter 4 provides further analysis o f Chapters 2 and 3, relating results from each
chapter to explain the overall phenomena o f ballistic loading in LS-DYNA. Chapter 5
concludes the information presented, and recommends improvements to existing models
and future studies worth pursuing.

15
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CHAPTER 2

PARAMETRIC STUDY
A parametric study was conducted to investigate geometry and material effects as
well as the capabilities and limitations o f blast loading in LS-DYNA. Using a concept
similar to a ballistic pendulum (discussed in introduction), sleds o f varying shapes and
materials with the same mass were subjected to blast loading. From the resulting
maximum velocity o f the sled, the energy imparted from the blast was calculated. The
ideal behavior is to have the lowest imparted energy.
The parametric study was inspired by the ballistic pendulum experiments performed
by Skaggs [4]. The same HE mass (454 gm o f C-4) and standoff distance (26.14 cm)
were used while the sled shape and material properties were different: extra shapes were
added to the model list, the mass o f the models was significantly reduced, and the surface
area o f the sleds were larger in the models. The rigid body shapes modeled include a flat
panel, a curved panel, a panel with a peak in the center, and a panel with a valley in the
center (Figure 4). Additionally, a sled with an A1 foam panel was added to the parametric
study. All o f the sleds have the same mass (4 kg) and respective material properties. The
same sleds used for the ConWep study were used for the ALE study.
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2.1 Model Set-Up
Four frontal profiles (Figure 4) and crushable foam (Figure 6), all with the same mass
and standoff, were tested in this parametric study. Shapes investigated include: a fiat
panel, a curved surface with a radius o f 73.33 cm, a “peak” shaped wedge with its peak
rising at 10 degrees towards the center, and a “valley” shaped wedge with the slopes from
the center o f the valley rising at 10 degrees. The shape sleds were made to test geometry
effects, so they were modeled as rigid bodies. The foam panel was made the same size as
the rigid body flat panel mentioned previously and was supported from the back by a
rigid body panel.

Figure 4: The four tested sled shapes: a) fiat

b) curved c) peak d) valley.

The source o f the explosion was located at the origin o f the XZ plane with a standoff
distance (R) in the Y-direction o f 26.14 cm (10.29 inches) as shown in Figure 5. The
curved plate’s standoff was dimensioned from the source to where the curved surface
meets the sides. Standoff for the “peak” sled was dimensioned from the source to the base
o f the wedge (widest section). This position was chosen to show the effectiveness o f the
wedge shape for reducing imparted impulse even though the tip o f the wedge reduced the
standoff. The “valley” sled was made by cutting the “peak” sled in half and attaching
17
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opposite ends. The standoff dimension was left unchanged. The exposed surface o f the
foam model has the same standoff as the exposed surface o f the flat rigid body model
(Figure 2). Using this position, an increase in energy transferred would be a result of
material behavior, not reduction in standoff.

Wedge

Flat Plate

Valiev

R

R
HE

HE

HE

Foam

Curve
R

R
HE

HE

Figure 5: Standoff (R) for the shape and material sled models.

The following subsections provide a detailed description o f the models made to
compare the different loading methods o f ConWep and ALE. Both methods have four
differently shaped rigid body models and an A1 foam model. One pound o f C-4 was
chosen for the blast load simulations to be similar to ballistic pendulum experiments
performed by Skaggs [4]. To compare the loading methods, common practice (i.e. found
in the literature) HE material properties were used to model the HE charge. In other
words, no scaling factors were used for the material properties o f the HE charge to make
ConWep and ALE behave the same. Symmetry conditions were utilized in all models to
reduce computational costs.
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2.1.1

Dimensions and Discretization

The flat rigid body (RB) model has dimensions (in x, y, z) o f (50cm, 5cm, 25cm),
consists o f 10,800 elements, and is positioned 26.14 cm away from the source o f the
blast. The foam model (Figure 6) adds a panel o f foam elements o f the same dimensions
as the flat RB model and splits each solid element into 8 equally sized smaller elements.

25 cm

26.14 cm

50 cm
5 cm

10 cm

Figure 6: Discretization o f the Lagrangian foam sled. Foam elements (numbering 86,400)
are shown closer to the blast, rigid body elements (numbering 10,800) make-up the
support sled.

All the Lagrangian elements use a single integration point element formulation and
have a 1:1:1 aspect ratio. *Contact_tied_surface_to_surface offset was used to tie the
rigid body to the foam plate. The “offset” option is necessary when tying a deformable
part to a rigid body. The rigid body was chosen as the master and the foam as the slave
for the contact algorithm.
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The number o f elements for the rigid body shape sleds are 6000, 8000, and 8000 for
the curve, peak, and valley sleds respectively. Mesh density o f the rigid body sleds was
selected to be appropriate for both ConWep and ALE loading methods. Quarter
symmetry is used for all sleds, and is further described in the ConWep and ALE sections.
2.1.2

Material Properties

Material properties for the ConWep and ALE models are listed in Table 1. Some o f
the material properties required in these material cards are not easily described (i.e.,
coefficients for the linear polynomial EOS), so the values are displayed according to what
is required for the LS-DYNA material cards. Variable names listed in Table 1 are further
explained in the LS-DYNA User Manual [5], although the variable names are typically
self-explanatory. Wang [13] used a similar table structure and it is felt that this format
displays the data in a format most useful to the end user.
*MAT RIGID (material 20) was used for the rigid body models. Material properties
for steel were used with the exception o f density. For all models, the mass o f the sled was
4 kg; with a volume o f 25000 cm^ the density o f the flat rigid body model was set to 0.16
gm/cc. Likewise the densities o f the curve, peak, and valley models were 0.101, 0.111,
and 0.111 gm/cc respectively. The foam model (Figure 6) has a rigid body support panel
and a foam panel each with a volume o f 25000 cm^. W ith the A1 foam density at
0.15gm/cc, the rigid body’s density was set at O.Olgm/cc to keep the overall mass o f the
sled the same.
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Table 1: Material Properties Used for ConWep and ALE Parametric Models
Mateiul
Rigid

15-DYNA Cads (Units = cm, gm, microseconds)
■*MAT_E1GID

Body

RO
0.0141.16

AlFoam

*MAT_HOHEYCOMB

[10]

RO
0.15
EAAU
2.4SE413

E
2
E
0.7
EBBU
2.48E4B

PR
03

N
0

COUPLE
0

M
0

CONl
6

C0N2
7

PR
0.285
ECCU
2.48E103

SIGY
00024
GABU
965E-04

VF
0.137
GBCU
9.65E434

MU
0.05
GCAU
9.65E04

BULK. AOFT
0
0

*DEFntE_CURVE (STRESS VS. VOLUME STRAIN)
(STRAIN) OOQE-tOO 8.63E01 866E-01
(STRESS) lOQE-OS 1.00E435 2.4QE-03
■^EFINE_CURVE (SHEAR STRESS V S. VOLUME STRAIN)

C4 [13]

(STRAIN) 0O0E-K30 8.63E4D1 866E-01
STRESS) 4DQE416 4.00E 06 934E-04
*MAT_HIGHJEXILCS IVE_BURN
RO
D
PCI
BETA
1.601

08193

*EC6_JV7L
A
B
6.0977
0.1295
=HvlAT_NULL
A il [13]

0.28

0

R1

R2

OMEG

BO

VO

45

1.4

025

0.09

1

TEROD
0

CEROD
0

C3
0

C4
0.4

C5
0.4

C6
0

RO
PC
MU
1.29E03
0
0
■^OS_1JHEAR_POLYNOMIAL
CO
Cl
C2
-100E4)6 0
0

EO
2.50EO6

VO
1

*MAT HONEY COMB (material 26) was chosen for the A1 foam material model as
seen in the majority o f papers modeling foams subjected to high strain rates [2],[9],[10].
The values used for the foam material model were gathered from a couple o f sources
[2],[10]. The same normal and shear stress curves were used for all three material
directions. The normal stress curves used properties found in the text, while the shear
values used were obtained by multiplying the normal stress (and modulus) values by
1 / (2*(1+PR)). Figure 7 helps clarify the use o f material properties in the stress strain
curve.
Material properties

for the

»MAT HIGH_EXPLOSIVE BURN,

*EOS_JWL,

*MAT_NUL, and *EOS LINEAR POLYNOMIAL cards were obtained from Wang
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[13]. Wang used these values in land mine models and correlated well with experiments.
The scope o f this thesis is to investigate ALE techniques, not EOS parameters, so
acceptable values found in the literature were utilized for these models.

SIGY (Al) -

Unloading Path = EAAU

Vohunetiic Strain
1-VF

1-VF+CSIGY-FoamYield)Æ

Figure 7: Stress vs. Strain curve for *MAT HONEY COMB LS-DYNA input card.

2.1.3

ConWep Air Blast Function Models

Besides the addition o f the *L0A D BLAST card, not much had to be done to the
input deck to run the ConWep models. Because the ConWep air blast function has an
input for equivalent mass o f TNT, the 454 gm (1 lb.) C-4 used in the ARL ballistic
pendulum experiments must be multiplied by a factor o f 1.14 [14]. Using that factor, the
mass o f the HE used in the parametric studies is 517.Igm. The source o f the explosion
was set to (0,0,0) and the sleds were positioned to their respective standoff positions as
described in the “Model Set-Up” section.
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Quarter symmetry conditions are easily applied to ConWep models, and were used to
reduce the number o f elements in the model. All nodes on the planes o f symmetry (XY
and YZ) were constrained to stay on the planes o f symmetry. The location and mass of
the HE charge were unaltered: the quarter symmetry sled has one-fourth the mass, but
with one-fourth the surface area subjected to the blast, no adjustments are necessary.

2.1.4 Arbitrary Lagrangian Eulerian Models
ALE models are significantly more complicated than ConWep models, requiring
more models to ensure accurate modeling. Many configurations were tested to improve
the accuracy and efficiency o f the models. The list includes an eighth symmetry fiat rigid
body (RB) model with original, refined, and spherical meshes; a fourth symmetry fiat RB
model; a fiat RB model with an increased number o f quadrature points; eighth symmetry
curve, peak, and valley models; and a foam model with an original, a refined, and a
spherical Eulerian mesh.
The same number o f Lagrangian elements was used in the ALE models as was the
ConWep models. In the eighth symmetry rigid body model (Figure 8), the number o f
Eulerian elements used to model the HE and air were 304 and 88,200 respectively. The
mesh seen in (Figure 8) labeled “Original” was created by Powers [15] in a previous ALE
parametric study. In the figure the red mesh shows the discretization o f the air Eulerian
elements, the blue mesh shows the HE discretization. The darker area in the left figure
(highlighted) shows the Lagrangian part overlapping the Eulerian mesh, which explains
why the mesh looks different in that region.
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O riginal M a th

R « n n « d M a sh

Figure 8: Discretization o f the Original and Refined Eulerian meshes. There are 88,200
air elements and 304 HE elements in the original mesh; 128,284 and 4,000 elements in
the refined mesh respectively.

The overall dimensions used in the x, y, and z directions are 55 cm, 40 cm, and 30 cm
respectively. Knowing the mass and density o f the HE charge, the radius o f the charge
was ealculated at 6.99 cm. A 1:1:1 ratio was not achievable with the Eulerian mesh
because o f the spherical nature o f the charge, but all elements are hexahedral. Boundary
conditions disallowing motion normal to the planes were placed on the XY, XZ, and YZ
planes (the three planes intersect at the center o f the spherical explosive). Non-refiective
boundaries were applied to the free surfaces o f the Eulerian mesh. Once the pressure
wave leaves the volume discretized by the Eulerian elements, it is no longer considered in
the model.
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A quarter symmetry model was constructed to address a boundary condition concern
inherent with the eighth symmetry model: the constraints on the XZ plane o f the eighth
symmetry model (Figure 8) simulate another plate mirrored across the XZ plane. It was
necessary to model quarter symmetry conditions to see the effect, if any, the reflected
blast wave from the mirrored plate had on the solution. A total o f 18,598 (304 HE, 18,290
air) elements were mirrored about the XZ plane allowing for quarter symmetry conditions
while keeping the number o f elements down (Figure 9). This addition o f elements
allowed the blast wave to reflect off o f itself about the XZ plane while not calculating a
full model (nor simulating another plate on the other side). Nodes along the YZ and the
XY planes were constrained to stay on their respective planes. The darker region in
Figure 9 (highlighted) is where the rigid body resides in the model.
As reported by Wang [13], the mesh density significantly influences the peak
pressure in the Eulerian mesh. A new (refined) mesh was constructed (Figure 8) with
43,780 more Eulerian elements, to allow radial propagation o f the blast before it merged
into the rectangular grid. Limitations in the HyperMesh meshing software prevented
further continuation o f the mesh in the radial direction: as the mesh moves further away
from the center, the volumes o f the elements become larger. A new mesh program was
needed in order to keep the size o f the elements small as the mesh gets further from the
center.
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Explosive

Figure 9: Quarter symmetry model: 106,190 Air (red) elements, 608 HE (blue) elements,
10,800 Rigid body (within air mesh) elements.

TrueGrid version 2.2.0b offered the capability o f creating meshes with transitions
in multiple directions (i.e. X and Y or Y and Z or X and Z) in the same step (Figure 10).
This option allowed a spherical mesh to be made, keeping the elements within reasonable
sizes. The radius o f the mesh is 67 cm: large enough to surround the sled until completion
o f the blast. Eighth symmetry conditions were used, and constraints were placed as
mentioned in previous models. In addition to the Lagrangian elements, this model had
201,300 air and 2,200 HE elements.
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Close-Up o f High E xplosive

D ouble T ransition

Figure 10: ALE Spherical Mesh: 201,300 Air elements, 2,200 HE elements.

2.1.5 Arbitrary-Lagrangian-Eulerian Coupling
For accurate solutions, two Eulerian elements must fit across one Lagrangian element
when coupling the two meshes [5]. This sizing promotes appropriate coupling between
Eulerian and Lagrangian elements. Increasing the number o f quadrature points, which are
used to couple the Lagrangian and Eulerian elements, can be used in place o f mesh
refinement for fiuid-structure contact issues. If the number o f quadrature points is not
enough, the solution will under-predict the energy transferred from the blast by allowing
penetration o f the fluid. Increasing the number o f quadrature points increases the
computational expense significantly. Considering the mesh densities used in these
models, four quadrature points are used for the rigid body model, and two are used for the
A1 foam model.
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To couple the foam and the rigid body support panels to the fluid, a part set
containing both panels was used as the slave id in the

*C0NSTRA1NED_

LAGRANGE IN SOLID (*CLS) card. Using a part set allowed both parts to be coupled
with the Eulerian fluid. One concern using this method is the number o f quadrature points
needed: the meshes o f the rigid body and foam are different so a careful number is
needed to keep costs down while not allowing penetration o f the coarser mesh. It was
decided to keep the number o f quadrature points based on the foam mesh. The logic
being that the rigid body’s interaction with the fluid was not as significant because the
rigid body is only exposed to the overpressure o f the blast after it travels around the foam
panel.
The spherical mesh model showed instabilities causing a reexamination o f all the
parameters in the input deck. It was discovered that using a part set as the slave type in
the *CLS card was causing the instabilities. The slave in the *CLS card is assigned the
quadrature points for coupling to the Eulerian elements. W hen a part (or part set) is
designated as the slave, the quadrature points are assigned to the free surface o f each
solid element. Problems arise when a single solid element has multiple exposed surfaces.
In the smaller models, this was not a problem, but as the number o f elements jum ped in
the spherical models, instabilities arose. To combat those instabilities, a segment set was
created that encompassed the front and sides o f the sled, which was then designated as
the slave on the *CLS card. This method proved effective for stabilizing the numerical
model and was implemented on the remaining models. Eight symmetry RB and Foam
models in an original Eulerian mesh were run with and without coupling to a segment set
to ensure the solution was consistent.
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Also on the *CLS card, the penalty factor ranged from 0.35 to 0.45 (depending on the
model) and the coupling type (CTYPE) chosen uses penalty coupling without erosion o f
the Lagrangian elements. The penalty factor was set to the lowest value that doesn’t
allow penetration. Examining the models after processing showed all parts coupling
appropriately without penetration. The time scale factor had to be reduced significantly
for the ALE models: a value o f 0.10 was needed for the foam models to run to
completion.

2.2 Results
2.2.1

ConWep Air Blast Function Models

From the model results (Table 2), the curve and peak shapes are effective at reducing
the transferred energy by 21% and 19% respectively. The valley sled showed an increase
in transferred energy by 23% and the Foam increased the transferred energy by 36%.
Although these trends are similar to those found in the ballistic pendulum experiment^,
the foam results were not expected because o f ConWep’s inability to account for
confinement. A discussion to explain the behavior o f the ConWep foam model is
presented in the parametric study section o f Chapter 4.

^ In the ARL BP experiments [4], the foam panel causes an increase in transferred energy
by 32% and the peak panels cause a decrease in the range o f 1 to 32%. The surface area,
mass o f the pendulum, angle o f the peaks and material properties o f the foam are not
exactly the same, so the results are not directly comparable.
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Table 2: ConWep parametric study results (negative sign indicates a reduction in energy).
ConWep Set
m ass o f sleds = 4 kg
Flat
Curve
Peak
V alley
F oam

Max V elocity
(cm / microsecond)
l.O lE -02
8.95E-03
9.09E-03
1.12E-02
1.18E-02

Max V elo ci^
(m / sec)
100.7
89.5
90.9

Kinetic Energy
(H "^)
20301
16013
16537

% Difference
From Flat
0,0
-21.1
-18.5

111.9
117.6

25030
27651

23.3
36.2

ConWep Velocity vs. Time Curves

1.40E-02
1.20E-02
g

l.OOE-02

b

8.00E-03

V?

I
e

f
^

u
CW-Flat

6.00E-03

■ —-CW -Curve
CW-Peak

4.00E-03

C W -Valley
2.00E-03
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Time (microsecond)

Figure 11: Velocity vs. time curve for the ConWep parametric study.

Figure 11 graphs the velocity vs. time curves for the ConWep parametric study. The
four rigid body sleds all began accelerating at about the same time (60 microseconds) and
continued accelerating at about the same rate until 120 microseconds when the four
curves begin to diverge. The foam sled begins accelerating later than the other sleds (at
100 microseconds); caused by the extra time needed to collapse the foam. Following the
foam curve onward, the acceleration becomes slightly greater than what is seen by the
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rigid bodies. This behavior is contrary to what is expected and is better explained by
results in the following chapter. A detailed explanation is included in the summary o f
results section o f Chapter 4.

2.2.2

Arbitrary Lagrangian Eulerian Models

More ALE models were created than ConWep models because there are many more
variables to consider when using ALE. W ith as many ALE models that were run, it is
easier to break them into three different sets exploring the following issues: boundary
conditions and coupling, panel shapes, and different Eulerian mesh discretizations.
2.2.2.1

Boundary Conditions and Coupling Issues

As discussed in section 2.1.5, the “segment” method o f coupling the Lagrangian and
Eulerian elements was implemented to overcome stability issues. Before the segment
method was implemented, several models were already completed (RB-nquad5, RBfourth symm, RB-Refined, F-Refined, RB-NoSeg, and F-NoSeg). To address this issue,
models comparing the difference between using a segment and not using a segment
(“Seg” and “NoSeg” in Table 3 respectively) were added to the model list. All the models
listed in Table 3 are flat in geometry.
From the results in Table 3, it can be concluded that the use o f a segment set reduces
the energy transferred to the sleds by a small margin. It should be pointed out that the
percent difference listed in the last column o f Table 3 is with respect to the flat rigid body
model with a segment. The percent difference in energy between the foam sled without a
segment (F-NoSeg) and the rigid body sled without a segment model (RB-NoSeg) is 1.7%. Fourth symmetry conditions had no effect on the solution reasoning that eighth
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symmetry conditions are appropriate. An increase in quadrature points also had no effect
on the solution indicating that the appropriate ratio was chosen.

Table 3: Results from flat ALE models testing boundary conditions and coupling issues.
All these results are from the original discretization o f the Eulerian mesh.
ALE O ij g b a lM e s h Set
mass of sleds = 4 k g
R B -Seg
R B -N oSeg
RB-nq-uad5
RB-fourth symm
F -S eg

Max V d o d ly
(cm /m icrosecon d )
7.79E-03
7.92E-03
7.94E-03
7.94E-03
7.52E-03

Max V elocity
Cm / sec)
77.9
79.2
79.4
79.4
75.2

Kinetic Energy
CN*m)
12124
12559
12609
12608
11295

% Difference
From R B -Seg

F -N oSeg

7.86E-03

78.6

12349

1.9

0.0
3.6
4.0
4.0
-6.8

Figure 12 shows the velocity vs. time curves for the models comparing boundary
conditions and coupling issues. The rigid body models all behave similarly, while the
foam sled without a segment (F-NoSeg) deviates slightly from the path. The “dip” in the
curve beginning around 250 microseconds is related to poor interface with the
deformable foam elements. A similar dip is seen in Figure 14 for the refined Eulerian
mesh foam model, which also does not use a segment set. A decrease in velocity is
observed after some o f the sleds reach their peak velocity. No correlation between the
models could be made to explain this behavior, but it is associated with the pressure wave
wrapping around the sled and pushing against the back o f the sled.
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ALE Configuration Com parison V elocity vs. Tim e Curves
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Figure 12: Velocity vs. time curves for the ALE boundary conditions and coupling issues
sled set.

2.2.2.2 Shape Panels
The ALE shape study produced similar results to the ConWep shape study, with the
curve and peak shapes reducing the energy transferred from the blast compared to the flat
sled (by 25% and 20% respectively). The valley sled shows an increase in energy
transferred by 30%, while the ALE foam model shows a decrease in energy transferred
(by 7%) compared to the flat rigid body model.
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Table 4: Results from the ALE shape panel sled set. All models were run in the original
discretization o f the Eulerian mesh and use a segment set to couple the Lagrangian and
Eulerian elements.
A L E SOiagie Set

Max V elocity

Max V elocity

Kinetic Energr

% Difference

m ass o f sleds = 4 kg
Flat

(cm / m icrosecond)
7.79E-03

(m / sec)
77.9

(N ’hn)
12124

From Flat
0.0

Curve
Peak
V alley

6.76E-03
6.96E-03
8.88E-03

67.6
69.6
88.8

9142
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15784
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Figure 13; Velocity vs. time curve for the ALE shape panel sled set.

Figure 13 graphs the velocity vs. time curves for the ALE shape panel sled set. The
four rigid body sleds all began accelerating at about the same time (65 microseconds) and
continued accelerating at about the same rate until 110 microseconds when the four
34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

curves begin to diverge. The foam sled begins accelerating later than the other sleds (at
100 microseconds); caused by the extra time needed to collapse the foam. Following the
foam curve onward, the acceleration is slightly less than the rigid body sleds’. The
response times o f the ALE shape panel sleds match those o f the ConWep shape panel
sleds (Figure 11). The rigid bodies exhibit similar trends to their ConWep counterparts,
while the foam sled does not.
2.2.2.3

Eulerian Mesh Discretization

The third set o f sleds compares the effects o f the discretization o f the Eulerian mesh
on rigid body and foam sleds (Table 5). All rigid body sleds are within 12% o f each other
for the different Eulerian meshes (not including the spherical mesh); RB-Spherical is an
outlier and is further explained in the following paragraphs. All foam sleds are within
10% o f each other.

Table 5; Results from all flat rigid body and foam sleds for the original, refined, and
spherical Eulerian meshes.
ALE E u le iia n
M e A Sete
m ass= 4 kg

Max
V elocity
(cm / microsec)

RB-Original-Seg
RB- 0 li ginal-N oS e g
RB-Refined
RB-Spherical
F-O rignal-S eg
F -O ri^nal-N oSeg
F-Refined
F-Spherical

7.79E-03
7.92E-03
8.22E-03
6.96E-03
7.52E-03
7.86E-03
7.73E-03
7.73E-03

V elocity
(m / sec)

Max

Kinetic
Energy
(N*m)

% Difference
From Respective
Original-Seg

77.9
79.2
82.2
69.6

12124
12559
13510
9701

15.2

11295

0.0
3.6
11.4
-20.0
0.0

78.6
77.3
77.3

12349
11964
11941

9.3
5.9
5.7

% Difference
From
Respective RB
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-

-6.8
-1.7
-11.4
23.1

Figure 14 shows the velocity vs. time curves for the 4 sets o f models reported in the
above table. All o f the rigid body sleds begin accelerating at the same time (70
microseconds), and maintain the same acceleration until about 115 microseconds.
Likewise with the foam sleds, acceleration for all foam sleds begins at about 100
microseconds. The acceleration between the four foam sleds are similar although do not
overlay each other as well as the rigid body curves (not including RB-Spherical).
The DIREC value on the *CLS card was different in the rigid body spherical model.
It was changed originally to combat stability issues in the spherical mesh. DIREC
controls which direction the fluid couples with the Lagrangian elements (i.e., normal
direction compression and tension, just compression, or all directions). For the other
models, DIREC was set to couple in all directions. For the rigid body spherical model,
DIREC was set to account for normal direction compression only. This selection was
considered reasonable since the wave is interacting with a rigid body, except for the fact
that a friction coefficient was not specified (which is required when DIREC =
compression only). The default value is zero, so the interaction between the two was
without friction. The effect o f not having friction would reduce the energy transferred,
the magnitude o f which is not known.
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Figure 14: Rigid body and foam model velocity curves for original, refined, and spherical
Eulerian meshes.

Complimenting the above explanation for the RB-Spherical curve divergence comes
from the orientation o f the Eulerian elements. The surface orientation o f the Eulerian
elements changes the further the element is from the comer o f the spherical mesh (i.e. the
y-axis in Figure 10). The angle between the surfaces o f the Eulerian elements and sled
elements (Lagrangian) becomes larger for the Eulerian elements further from the y-axis.
The fluid in the Eulerian elements does not couple as well with the Lagrangian elements
when the angle is increased between the element surfaces. This helps to explain why the
spherical mesh rigid body sled’s acceleration matches the rest o f the rigid bodies’ until
115 m icroseconds w hen the curve begins to diverge. A t this time in the m odel, the blast

wave has propagated far enough in the mesh that the mesh is no longer “normal enough”
to transfer the energy appropriately. W ith DIREC set to compression only without
friction, the pressure o f the Eulerian elements is not coupled properly.
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2.3

ConWep and ALE Comparison

As shown in Table 6 and Figure 15, using benchmarked HE material properties found
in the literature [13],[14], ConWep increases the KE o f the sleds over ALE: 67% higher
in the rigid body models, and over 125% higher in the foam model relative to the ALE
flat rigid body in an Eulerian mesh.

Table 6: ALE and ConWep parametric study comparison.
M odel

B e g n s A c cerlation

KE

% DifF

Time to Run

ALE-RB-Org-Seg

(microseconds)
75

(N*m )
1.21 E+Ü4
1.13E+G4
2.Ü3E+G4
2.77E+G4

(from ALE-RB)
G.GG

(hours)
2.00

-6.83
67.45
128.08

24.00
0.00
1.23

ALE-F-Org-S eg
CW-RB
CW-F

too
70

too

The ConWep model set shows an increase in energy transferred to the foam sled over
the RB sled by 36% over the rigid body models; both ballistic pendulum experiments
examined in this paper [2],[4] showed an increase in energy transferred to the system
with foam panels placed on the front. ALE foam models show a slight decrease in energy
transferred to the rigid body sled velocity, contrary to what has been shown in
experiments.
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Velocity vs. Time
1.40Er02

I

1.20E-02
1.00Er02
8.00E-03
6.00E-03

I

CW-RB

4.00Er03

CW-F
—— ALE-RB-Org-Seg

2.00Er03

* — ALE-F-Org-Seg

O.OOE+OO
100

200
300
400
Time (microsecond)

500

Figure 15: Rigid body and foam model velocity curves for the ConWep and
original-Eulerian-mesh-with-segment ALE models.

2.3.1 Computation Time
The length o f time to run the ALE models is significant: especially when coupled
with a deformable material or when the number o f quadrature points or elements is
increased. The ALE rigid body eighth symmetry model took over 840x as much time as
its ConWep counterpart (2.11 vs 0.0025 hours respectively). The ALE Foam model took
as much as 38x as much time as the ConWep foam model (47.77 vs. 1.23 hours
respectively), depending on the level o f Eulerian mesh refinement.

2.3.2 Foam Behavior
Figure 16 shows the Y-displacement contours o f the 4 foam models at an elapsed
time o f 4.5E-4 seconds (when the foam is done deforming). The fringe levels in Figure
16 are valid for all four foam models shown. Hanssen [2] showed similar foam panel
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deformation as seen in the ConWep model. The panels tested by Skaggs [4], which had a
smaller cube root scaling (more powerful blast), were completely destroyed by the
explosive.
The behavior seen in the ALE foam panels exhibits non-physical behavior. In all
three ALE models, the foam is smeared over the outside edge, in a manner not probable
from aluminum foam. The Eulerian mesh in the original and refined models extends 5 cm
above the sled. Although not modeled, an extension o f Eulerian elements in the zdirection is expected to cause the foam panel to “smear” more. This is a reasonable
prediction examining the spherical mesh, which is extended roughly 5 times as much as
the other two meshes: the foam shows the most local deformation o f the foam models at
that edge location. If the original and refined mesh was extended in the z-direction, the
foam is expected to “smear” more than originally, more like the spherical model.
Although the extension o f Eulerian mesh is expected to affect the amount o f localized
deformation, the overall solution is predicted to remain the same (the percent difference
in KE between the F-Original-Seg and F-Spherical models is within 6% (Table 5)).
Also, notice the deformation pattern in the lower left comers (center o f the full sled)
o f the original and refined Eulerian mesh models. Physically, this point o f the sled would
receive the highest pressure from the blast, and is expected to be the most compressed
area. The ConWep and spherical mesh models behave more like the experiments in the
way that the center collapses more than its surroundings, although the spherical mesh
model shows a little raise. The peak in the center behavior is attributed to the fluid flow
being caught up by the boundary conditions on the Eulerian mesh. The constraints allow
for slipping, with no translation across the boundary. The constraints appear to be
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slowing down the fluid flow in the eomer elements (which has two degrees o f freedom
constrained). If a full model was performed, it is expected that the “peak in the center”
behavior would go away.

Contours of
V-displacem ent (cm)
Fringe Levels

ALE foam with Original Mm*

B.359e+0Q
7.663e+00
8.966e+00
G.Z70e+00
5.573e+00
4.B77e+00
4.181e+BQ
3.484e+flQ
Z.788e+00

ALE F o o m

2.091 e+00

R flfingff M w h

1.395e+00

1

Figure 16: Y-displacement contours o f the foam panels at maximum deformation.

The alignment o f the Eulerian element’s surface with the Lagrangian element’s
surface also plays a role in the deformation. The surface o f the Eulerian elements in the
original and refined meshes are in the same plane as the Lagrangian elements. In the
spherical Eulerian mesh, the elements’ surfaces come in at an angle to the Lagrangian
elements. The difference in angle can be seen in the deformation patterns in the foam. In
the original and refined mesh, the deformation pattern is smoother like what is seen in the
ConWep model. The spherical model exhibits “choppiness” deformation because the
blast front does not interact with the foam in the same plane. A Z-direction cut through
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the Eulerian elements in the spherical mesh would show a saw-tooth profile similar to the
deformation pattern in the foam.
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CHAPTER 3

COMPARISON OF MODELS TO EXPERIMENTS
3.1 Model Representation
Computational models were created to be directly compared with ballistic pendulum
(BP) experiments to further explain the phenomena involved in the blast loading o f
energy absorbing materials. Two experiments were compared: one performed by Skaggs
[4] at the Army Research Lab, and the second performed by Hanssen [2] at the
Norwegian University o f Science and Technology. These experiments will be referred to
as the ARL BP and NUST BP experiments respectively.
Acceleration is an important factor in mine blast survivability. It is desirable to
measure the acceleration o f the BP to compare the effect the energy absorbing materials
has on the response. Unfortunately there was no acceleration data available for either the
ARL or the NUST BP experiments. An attempt was made to incorporate accelerometers
in the experiment by Skaggs [4], but quickly discovered the harsh environment caused
from the blast was too much for instrumentation survival without incorporating extra
protection.

3.1.1

Army Research Laboratory Ballistic Pendulum

The ARL BP model (Figure 17) was a complete representation o f the experiment,
matching the mass, center o f mass location, and the exposed surface area to the blast. Due
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to the limited availability o f all the dimensions, the model is not exact, but the model
comes close to matching the previously listed parameters. The material properties used
for the pendulum were that o f generic steel. The hinge was simulated by constraining the
nodes located along the hinge axis in all degrees except for rotational about the hinge axis
(z-axis).

FLAT PENDULUM
Tim e =
0

Y X

\s-z

Figure 17: Mesh of ballistic pendulum model: the plane o f symmetry is the positive Z
facing surface o f the pendulum bob (the full model would have two arms on opposite
sides).

Half-symmetry conditions were utilized: cutting the model in half along the XY plane
and constraining the inside face o f the pendulum bob in the z-direction. The source o f the
explosion was located at the origin o f the YZ plane with a standoff in the X-direction o f
26.14 cm (10.29 inches). Standoff is measured from the source to the face o f the
pendulum bob and is the same distance used in the ConWep parametric study. The mass
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o f the HE in the ARL BP model (517.1 gm) was also the same as the mass in the
ConWep parametric study.

3.1.2

Norwegian University o f Science and Technology Ballistic Pendulum

Similar to the parametric study, the NUST BP experiments were represented as sleds
in the numerical models. Hanssen’s work [2] provided most o f the details needed from
his experiments to build a representative finite element model. Additional aluminum
foam material properties not listed in Hanssen’s work were supplemented from
Lopatnikov [10]. With ConWep as the blast loading method o f choice, sleds were
constructed in the same manner as described in Chapter 2.
Hanssen ran many configurations in his ballistic pendulum series. The different
configurations, denoted by letters in his paper, explored the effect o f charge mass,
aluminum foam density, and whether or not the foam panel had a cover sheet. Each
configuration was performed twice.
The two configurations chosen for comparison were G and J. Experiment G had no
cover plate, a 2.5 kg PE4 charge, and an A1 foam density o f 0.36 gm/cm^. Experiment J
was the bare pendulum face subjected to a 2.5 kg PE4 charge. The rigid body support
plate (red elements in Figure 18) is representative o f the bare pendulum: the face area
matches Hanssen’s and the dimension in the y direction was chosen so that the mass of
the sled matched the mass o f the pendulum using the density o f steel. All three
dimensions o f the rectangular A1 foam panel match those o f Hanssen’s. Quarter
symmetry conditions were utilized to reduce the size o f the model.
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Table 7: Material Properties Used To Match Experiments Performed By Hanssen [2].
Mateual
Rigid Body

AlFoam P,100

LS-DTNA Caids (Units = on, gm, nmciosecands)
*MAT RIGID
RO
E

PR

N

COUÎLE

M

CONl

C0N2

8.13665

0.3

0

0

0

5

7

“•MAT HONEYCOMB
RO
E

PR

SIGY

bulk:

AOPT

0235
ECCU

0.0024
GABU

VF
03
GBCU

MU

0.35
EAAU

0.05
GCAU
9.65E-04

0

0

2

0.7
EBBU

2.48EU3
2.48E-03
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9.65EU4
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(STRESS)

35cm

24 cm

3 4 2 . cm

SOcm

Figure 18; Discretization o f Norwegian Foam Model NF-21160 Used To Compare
Against Experiments. Foam elements (numbering 21,160) are shown in blue,
rigid body elements (numbering 8,464) are displayed in red.
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3.2 Model Results and Comparison To Experiments
3.2.1

ARL Ballistic Pendulum

The ARL BP model reached its peak displacement in 0.70 seconds. This time
represents a quarter o f the pendulum’s period, resulting in a full period o f 2.8 seconds.
The calculated period o f the pendulum used in the experiments is 2.83 seconds [4]; the
experiment and model periods have a 1% difference. Referring to Table 8, all o f the data
correlates well between the model and experiment. Potential Energy values for the
experiment and model were within 3%, which was within the experimental error. In
Table 8, “swing arm” is the distance from center o f rotation to the center o f mass and “arc
path” is the distance along an arc that the center o f mass traveled.

Table 8: Results from the ARL BP experiment and model.
ARL BP

Mass

Experiment
M odel

801
792

S w ing Arm
(cm)
169.85
168.94

Arc P ath
(cm)
16.36
16.18

Angle
(rad)

P.E.
(N*m)

0.096
0.096

61.86
60.15

% D iff
-

-2.8

The ARL BP model results are from the bare steel pendulum exposed to blast: no
blast mitigating concept panels were simulated. To run this relatively simple model for
one-quarter o f the pendulum’s period took 12 hours on a single 2.2 GHz CPU compared
to less than 10 seconds for a similar ConWep sled model. W hen deformable materials
and ALE techniques are introduced, the cost would increase considerably more. To save
on computational costs, the other set o f BP experiment models (NUST) uses the sled
method.
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FLAT PENDULUM
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7e+0S
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Center of Gravity

2.3416+00
O.MIOe+00

1

L
Figure 19: ARL BP model: fringe levels indieate resultant displacement in cm at 0.7
milliseconds.

The expected acceleration behavior o f the pendulum is an immediate spike while
being subjected to the blast impulse followed by a drastic drop to zero. As soon as the
energy has been transferred from the blast, the aceeleration begins to deerease. This
behavior is shown in the pendulum m odel’s acceleration vs. time graph (Figure 20).
Acceleration was monitored in several places on the model: centered on the pendulum
bob’s front and baek face, and at the center o f gravity. Although the graph’s profile looks
correct, the resolution o f the graph values is probably not fine enough to capture the true
peak value. Beeause there is no acceleration data to directly compare against, the
aceuraey o f the acceleration was not further investigated.
The time between the aeeeleration spikes from the front to the back o f the pendulum
boh is another feamre o f the graph that eorrelates well with what is expected. The wave
speed o f sound through steel with a density o f 7860 kg/m^ and a modulus o f elasticity o f
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200 GPa is 0.5 cm/microsecond. With the depth o f the pendulum at 27.5 cm, the length o f
time for the stress wave to communicate to the back o f the pendulum bob is 55
microseconds. The delay in response between accelerations is approximately 50
microseconds, correlating well with the delay.

Acceleration at Select N odes
250000
Front-Center

200000

CM
Baek-Center

“

150000

100000

50000

200

100
150
Time (nricroseeonds)

250

Figure 20: Acceleration vs. Time for select nodes on the ballistic pendulum model.

3.2.2
The rigid body

model was

Norwegian Ballistic Pendulum
originally run with

no

scale

factor on the

*LOAD SEGMENT card. With no scale factor, the rigid body model showed a 19%
higher kinetic energy (KE) than the potential energy (PE) o f the barefaced experiment
(experiment J). The load curve was scaled down to match the experimentally measured
PE so that the model baseline matched the experiment’s baseline. After several runs, the
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appropriate factor was determined to be 0.914. This scaling factor, which is applied to the
pressure determined by ConWep, was also used in the foam model.
The mesh o f the Norwegian foam model was refined until the maximum velocity was
within 3% o f the last refinement. The velocity curves o f the Norwegian Rigid Body
model (NRB) and Norwegian Foam Models (NF-#) can be seen in Figure 21. Here the
number after “NF” is the number o f foam elements used in the model. All elements in
foam models NF-21160 and N F-169280 have 1:1:1 aspect ratios. Foam elements in NF169280 were split in the y-direction to build model NF-338560 (2:1:2 aspect ratio).

Velocity Curves For E)q)eriment Conparison and
Optimizaton M odels
1.2E-04

l.OE-04

I

% 8.0E-05

6.0E-05

I

4.0E-05

—♦— NRB

1

—# — NF-21160
2.0E-05

NF-169280
—3*— NF-338560

O.OE+00
0

100

200

300

400

500

600

700

Tim e (m ic ro se c o n d )

Figure 21: Velocity Curves for the NUST BP models
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The acceleration o f the foam models (slope o f the velocity vs. time curve) also
converged as the foam mesh was refined. The percent difference in maximum
acceleration between NF-21160 and NF-169280 was 17%. Showing convergence on a
solution, the maximum acceleration o f NF-338560 is within 0.5% o f the maximum
acceleration o f NF-169280.
Using a scaling factor, the rigid body model KE matches the PE o f experiment J, but
the foam m odel’s KE underpredicts the PE o f experiment G by 13% (Table 9). Only two
tests were performed by Hanssen for each configuration, and the percent difference
between the two experimental data points for configurations G and J were 11% and 2%
respectively. W hen a scale factor o f 0.914 was used, the models’ values are in the
neighbor hood of these percent differences.

Table 9: NUST BP experiment and model results. The energy values for experiments J
and G are the average o f two data points.
IVbdel
Expeiiment J [3]
NEJB
Experiment G [31
NF-21160
NF-Ï69280
NF-338560

Max Velocity
Ivbss
(m/sec)
(Kg)
9.35E-+02
N/A
9.35E+G2
1.01E-tOG
~9.47E-H]2
N/A
1.08E400
9.47E402
9.47E4G2
i.lO E #
l.llE-tOG
9.47E4G2

KE

(J)
4.74E-+02
4.75E-H32
6.70E+O2
5.47E4G2
l72E4G2
5.81E+02

Dishing
%Difr
(fiomExpJ P3 )
(mm)
G.GG
N/A
G.12
N/A
13.50
41.35
15.46
29.54
36.18
20.7G
33 03
22.48

Time to Rim
(honrs)
N/A
0.0008
N/A
0.0750
0.8833
2.1167

Hanssen [2] reported a double curvature deformation pattern in the A1 foam panels
from the ballistic pendulum tests. Although the model predicts a higher amount o f
dishing than the experiments, the deformation pattern matches the double curvature
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behavior seen in the experiments (Figure 22). This pattern was not seen in the ALE
results o f the previous section.

Figure 22: Y-Displacement Contours O f The Norwegian Ballistic Pendulum Model
Under Maximum Deformation (Image Was Reflected About The Planes O f Symmetry).
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CHAPTER 4

SUMMARY AND DISCUSSION OF RESULTS
4.1 Parametric study
The foam mesh refinement on the Norwegian foam model was not performed on the
models used in Chapter 2. When comparing the results of the Norwegian model mesh
refinement with the behavior o f the ConWep and ALE shape and material studies, it is
evident that the foam mesh needs to be refined. As the mesh o f the NUST BP was
refined, the acceleration decreased until converging on a solution. Using elements that are
too large will make the solution artificially stiff, and with the acceleration o f the foam
sleds near or greater than the rigid body panels, it is obvious that mesh refinement is
necessary. Further foam mesh refinement in the parametric models would improve the
solutions (i.e. more realistic), but is not expected to drastically change them.
Although the maximum sled velocity is close between the different Eulerian mesh
models, the patterns in the foam deformation vary (Figure 16). Additionally, the foam in
the ALE models deformed much differently from the ConWep models. Closer
examination o f the deformation patterns in the ALE models shows that the deformation
pattern is a function o f the pressure profile being able to propagate normally outward
through the Eulerian mesh and the Eulerian elements being normal to the surface o f the
Lagrangian elements they interact with. The pressure propagation dependence is evident
in the original and refined meshes where most o f the deformation is smooth, but some
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areas deform more than others. The areas o f increased deformation occur because the
pressure wave gets “directed” as it passes through mesh transition regions. The difference
between the original and refined areas correlates where the Eulerian mesh was refined. It
was thought that a spherical Eulerian mesh would improve the deformation o f the foam,
allowing the pressure wave to propagate outward normal to the Eulerian solid element
faces in all directions. The propagation was smooth until the wave interacted with the
foam. The angle o f the Eulerian elements caused the pressure to interact with the foam in
steps. The “choppiness” seen in the foam deformation correlates to the pressure being
coupled “in steps”, and is non-physical behavior. Increasing the number o f quadrature
points may improve the spherical Eulerian mesh foam model solution.
The coupling between the Lagrangian and Eulerian meshes is problem specific. The
LS-DYNA guidelines suggest two Eulerian elements to one Lagrangian element, which
proved effective for most of these models. If that ratio is not possible, the number of
quadrature points can be adjusted to improve the contact. Both the propagation o f the
pressure wave and the coupling between the Lagrangian and Eulerian elements needs to
be considered when discretizing ALE models.
The ConWep air blast function is simpler than the ALE models, and produces results
seen in physical experiments. Hanssen [2] attributed the increase in energy transferred to
the A1 foam ballistic pendulum experiments as a factor o f the foam deformation. He
theorized that the dishing seen in the foam panels caused a focusing or confinement o f
the blast. Originally it was felt that this would not be demonstrated with ConWep models
because ConWep does not account for confinement. Recalling from Figure 3 that the
pressure load is greater for smaller angles o f incidence, a possible explanation for the
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increase in KE seen in the ConWep foam models can be found in the collapse of the
foam. As the elements collapse, the orientation o f the elements change such that the angle
o f incidence is decreased (the faces become more normal to the blast). W ith the angle o f
incidence decreasing, the reflected pressure on the element increases, resulting in an
overall increase in impulse.
In order to help assess which loading method is capturing physical trends seen in
experiments, two bar graphs were made: one showing the kinetic energy (KE) o f all the
shape and material models (Figure 23), and the other showing the potential energy o f the
ARL BP experiments (Figure 24). Not all o f the shape sleds were run in the refined and
spherical Eulerian mesh sets, which explains why there are some values omitted.

Sled Kinetic Energy From the Parametric Study
ConWep
ALE-Original
25000

ALE^Re fined
■ ALE-Spherical

20000
a

15000

g 10000

14
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Curve
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Valley

A lF oam

Shape / Material

Figure 23: Sled kinetic energy for ConWep and ALE shape and material sleds. The Flat
ALE-Spherical value is artificially low.
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The ARL BP experiment was heavier (801 kg pendulum compared to 4 kg sleds), has
a smaller surface area (0.209 m^ vs. 0.5 m^), and compares different shapes and materials
(the ARL BP does not have curve or valley shapes, but adds steeper peak sleds and a
semi-rigid urethane foam (LAF-3)). Results from the ARL BP experiment (Figure 24)
show a reduction o f transferred energy when a peak profile is used, and an increase in
transferred energy when an energy absorbing material is placed on the front. The
ConWep and ALE models display comparable trends for all the rigid body models; the
foam sleds are where the trend deviates. Compared to the ARL BP experimental results,
the ConWep models are able to capture the physical trends for all shapes and materials.
ALE also correlates with the shape effects, but underpredicts energy transfer when
comparing energy absorbing material behavior.

Potential Energy o f ARL BP Eq)eriments
90.0
80.0

I ARL BP Ejqjeriments

Flat

10° Peak

20° Peak

LAF-3

Shape / Material

Figure 24; Potential Energy from the ARL BP experiments.
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4.2 Ballistic Pendulum Models
The foam in the Norwegian models show more dishing then the results from the
experiments. This increase in dishing may be transferring more o f the blast energy to
internal energy (IE) instead o f kinetic energy (KE). The loss o f KE to IE helps explain
the difference between model and experiment. The experiment cannot produce a value
for how much energy was converted to internal energy from foam deformation.
Additionally, the foam material properties were gathered from a couple o f sources
because Hanssen did not provide a complete set o f values. Hourglass control had to be
implemented in NF-338560, which helps explain why NF-338560 dished less than NF169280.
There is an inherent error between the models and experiments in the representation
o f the aluminum foam panels. Material model *M AT HONEY COMB considers uniform
porosity, which is not the case in the physical material. The m odel’s inability to capture
localized collapsing of foam cells is assumed not to have an affect on the overall solution.
The rationalization for this assumption is that the size o f the foam panels is large enough
to consider uniform behavior.
The conversion factor used to convert PE4 (used in the Norwegian ballistic pendulum
experiments) to TNT was 1.043. Barker [16] explains in his results that the conversion o f
PE4 to a TNT equivalent is slightly on the conservative side. Barker’s statement
compliments the 0.914 scaling factor on the ConWep load curve needed to equate the KE
o f the Norwegian rigid body model to the experiment.
Kinetic energy was used to compare the results between models and experiments, but
it is not the best factor for determining the A1 foam’s effectiveness o f mitigating blast
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damage. Although the Norwegian foam models reached a higher maximum velocity than
the rigid body models, the slope o f the velocity curves (acceleration) o f the sleds was
reduced. This could be crucial to vehicle occupants whom are limited to certain amounts
o f acceleration for survivability. Additionally, the foam undergoes constant stress from
yielding until the densification strain is reached. With the level o f stress limited to the
collapse strength o f the foam until densification, if the foam panel is thick enough not to
completely densify through the thickness, the structure behind it (at a higher yield
strength) could be saved.
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CHAPTER 5

CONCLUSIONS AND IMPROVEMENTS
From the results o f the parametric study, ConWep is a more realistic, less
complicated, and more efficient way o f performing blast loading on structures.
Intervening structures or confinement effects can not be accounted for, but for
straightforward problems, ConWep is the obvious choice. The Eulerian mesh
discretization in ALE analysis plays an important role in the deformation o f energy
absorbing materials. The ideal Eulerian mesh would allow radial propagation o f the blast
wave, and interface normal to the Lagrangian elements. A scenario that lends itself well
to those conditions would be modeling a spherical blast containment vessel.
Ballistic Pendulum models using ConWep showed reasonable correlation with
results. A bare, full-size pendulum was modeled to compare with experiments performed
at the Army Research Laboratory. The results from the model were within the
experimental error. The Norwegian University o f Science and Technology ballistic
pendulum sled models showed an underprediction in foam sled kinetic energy, and an
overprediction in deformation o f the foam. This variance was related to the lack o f
specific material properties available for the A1 foam panels, which caused more energy
to be transferred into deformation o f the foam than kinetic energy o f the sled.
Application o f either blast method is problem specific: scale factors for the high
explosive will need to be determined. ConWep is relatively close with default values with
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a tendency to apply more pressure than is physical. ALE models showed an under
prediction compared to ConWep. The high explosive is difficult to scale in ALE,
requiring adjustment o f the EOS parameters. This task may be easier if an optimization
program is coupled with the LS-DYNA analysis.
Future models worth exploring include full ALE rigid body and foam sled models,
and an ARL BP rigid body sled model. The full ALE models would distinguish the effect
o f symmetry conditions in the XY and YZ planes. Particularly, it is desired to see the
foam sled’s response when the non-physical “meniscus” is no longer present in the foam
deformation along the XY and YZ planes o f symmetry. Results from an ARL BP rigid
body sled model, using the same mass, standoff, and surface area as the ARL BP, would
be directly comparable to the full ARL BP model and ARL BP experiments. The
difference in KE between the full ARL BP model and the sled representation model
would help validate (or repeal) using a sled representation for the experiment.
No heat effects were included in these models. This could be incorporated by impact
testing of heated samples, and incorporating “heated” material parameters in the model.
Further complication o f the models by incorporating heat transfer affects is highly not
recommended.
The results presented here investigated aluminum foam’s ability to mitigate blast
damage. Models correlated with experimental results: the addition o f an A1 foam panel
causes an increase in energy transferred from the explosion. Although more energy is
transferred, acceleration is decreased. Future works should include optimizing the
material properties o f the *MAT HONEY COMB material model to reduce acceleration.
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APPENDIX

ENERGY ABSORBING MATERIAL MODELS AVAILABLE IN LS-DYNA
*MAT SOIL AND FOAM
- Simple model that works like a fluid. Needs to be confined in a structure.
Can have yield strength dependent on pressure
Can define pressure vs. volume strain curve with up to 10 points
*MAT VISCOELASTIC
Models viscoelastic behavior
- Parameters include: bulk modulus, short-time and long-time shear modulus
[G(t) = G inf + (Go - Ginf) e^(-Bt)]
*MAT_STEINBERG
- For solid elements with high strain rates
- Yield strength is a function o f temperature and pressure.
- References a paper and highly recommends review before use o f this material
model
- Uses an equation o f state (EOS) for pressure.
*MAT STEINBERG LUND
Same as above but adds strain rate effects.
*MAT ELASTIC_PLASTIC HYDRO (OPTION)
- Has a plastic hardening modulus input.
- The option available is spall. If issued, this option allows definition o f a stress vs.
strain curve up to 16 points.
*MAT HONEYCOMB
- Uncoupled orthotropic flexibility
- Nonlinear elastoplastic material behavior can be defined separately for all normal
and shear stresses.
Has bulk viscosity as a parameter
- Used for honeycombs and foams with real anisotropic behavior
- Can exhibit nonphysical stiffening for loading conditions that are off-axis.
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*MAT MODIFIED HONEYCOMB
Same as above but adds an option for some solid elements to behave like a
nonlinear spring once a reference volume or time step is reached.
*MAT BLATZ-KO FOAM
- For rubber like foams
One parameter model with Poisson’s ratio fixed at 0.25
*MAT USER DEFINED
Supply your own subroutine
Isotropic and anisotropic w/failure are possible
*MAT
-

CLOSED CELL FOAM
For low density, closed cell, polyurethane foam
The material model was made for impact limiters in automotive applications
Air pressure is included in cells (ideal gas behavior)
Isotropic with uncoupled components o f stress tensor (similar to mat_26)

*MAT_LOW_DENSITY FOAM
- Highly compressible foams (seat cushions)
* MAT LOW_DENSITY VISCOUS FOAM
- Adds strain effects to the above model
*MAT_KELVIN_MAXWELL VISCOELASTIC
- Models viscoelastic bodies (foams)
Solid elements only
*MAT_CRUSHABLE_FOAM
- Models crushable foam with optional dampening and tension cutoff
*MAT MODIFIED CRUSHABLE FOAM
- Adds strain rate effects to the above model
*MAT BIKHU/DUBOIS_FOAM
Isotropic crushable foams
- Uni and tri-axial test data needed to be used
- Can make the model strain rate sensitive
*MAT PITZER CRUSHABLE_FOAM
- Very similar to the above model
*MAT FU_CHANG FOAM
- Low and medium density foams
- Hysteretic unloading behavior can be defined as a function o f strain rate
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*MAT_DESHPANDE FLECK FOAM
- For modeling A1 foam used as a filler material in A1 extrusions to enhance energy
absorption.
- Elasto-viscoplastic constitutive model
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